Liquid manure (slurry) storages are sources of gases such as ammonia (NH 3 ) and methane (CH 4 ). Danish slurry storages are required to be covered to reduce NH 3 emissions and often a fl oating crust of straw is applied. Th is study investigated whether physical properties of the crust or crust microbiology had an eff ect on the emission of the potent greenhouse gases CH 4 and nitrous oxide (N 2 O) when crust moisture was manipulated ("dry", "moderate", and "wet"). Th e dry crust had the deepest oxygen penetration (45 mm as compared to 20 mm in the wet treatment) as measured with microsensors, the highest amounts of nitrogen oxides (NO 2 -and NO 3 -) (up to 36 μmol g -1 wet weight) and the highest emissions of N 2 O and CH 4 . Fluorescent in situ hybridization and gene-specifi c polymerase chain reaction (PCR) were used to detect occurrence of bacterial groups. Ammonia-oxidizing bacteria (AOB) were abundant in all three crust types, whereas nitrite-oxidizing bacteria (NOB) were undetectable and methane-oxidizing bacteria (MOB) were only sparsely present in the wet treatment. A change to anoxia did not aff ect the CH 4 emission indicating the virtual absence of aerobic methane oxidation in the investigated 2-mo old crusts. However, an increase in N 2 O emission was observed in all crusted treatments exposed to anoxia, and this was probably a result of denitrifi cation based on NO x -that had accumulated in the crust during oxic conditions. To reduce overall greenhouse gas emissions, fl oating crust should be managed to optimize conditions for methanotrophs.
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Greenhouse Gas Microbiology in Wet and Dry Straw Crust Covering Pig Slurry
Rikke R. Hansen, Daniel Aa. Nielsen, Andreas Schramm, Lars P. Nielsen, and Niels P. Revsbech* University of Aarhus Martin N. Hansen AgroTech A/S A tmospheric concentrations of CH 4 and N 2 O have increased by 151 and 17%, respectively, since the preindustrial era. Both substances are strong greenhouse gases with a 100 yr global warming potential (GWP) of 23-and 296-fold the GWP of CO 2 (Ehhalt et al., 2001) . Globally, anthropogenic sources constitute approximately 60 and 30% of the total emissions of CH 4 and N 2 O (Ehhalt et al., 2001) , and agriculture is responsible for 50 and 70% of the overall anthropogenic CH 4 and N 2 O produced (Kebreab et al., 2006) . Enteric fermentation in ruminant animals and agricultural soils are the major sources of agricultural CH 4 and N 2 O, respectively (Ehhalt et al., 2001 ). However, livestock manure has also been identifi ed as a signifi cant source of both gases (Rypdal 2002; Sommer et al., 2000; Sommer et al., 2007) . In Denmark, livestock slurry is mainly stored in outdoor concrete storage facilities where a natural or artifi cial cover has to be present to reduce emissions of NH 3 . A fl oating crust of straw is the most frequently used manure-cover in Denmark due to its low cost and simplicity. Floating surface covers (crusts) have been shown to eff ectively reduce emissions of CH 4 and NH 3 by as much as 38% and >80%, respectively (Sommer et al., 1993 (Sommer et al., , 2000 . Whether this is due to the crust acting purely as a physical barrier or also as result of microbially mediated processes taking place in the crust has not been fully elucidated. However, some studies indicate that crusts may act as sinks for CH 4 , which could be due to the activity of MOB Ambus and Petersen, 2005) . Likewise, the activity of AOB in the slurry surface crust may reduce total NH 3 emission from the storage and thus reduce local N deposition and nutrient loss. Nitrous oxide can be produced directly by the process of nitrifi cation, but also from the reduction of the nitrifi cation products NO 2 -and NO 3 -by denitrifi cation. Th e presence of these microbial processes may explain N 2 O emission from slurry tanks covered by crusts (Sommer et al., 2000) .
Surface crusts not protected by a water-tight solid cover are exposed to weather conditions such as rainfall and drought, which result in periodic fl uctuations in the moisture content of the crust. Th e physical and chemical properties of the crust (e.g., diff usivity of gases and dissolved constituents and thereby supply of substrates for the microorganisms) are to a major extent governed by the relative amount of water present, and therefore the emission of greenhouse gases (GHGs) is expected to be aff ected as well.
Th e objective of this study was to evaluate the eff ect of crusts with diff erent water contents on the emission of GHGs from livestock manure facilities, and to elucidate the importance of microbial transformations within the crust on these emissions.
Materials and Methods

Experimental Setup
Fifteen 45-kg samples of homogenized fi nishing pig (Sus scrofa) (fi nal stage before slaughtering) slurry were fi lled into 63-L plastic barrels and placed inside a reactor hall. Twelve samples received 1566 g of wheat (Triticum aestivum L.) straw that was mixed into the slurry to ensure development of a surface crust. A lid equipped with a rubber gasket was fastened on top of each barrel with a steel tension belt to make the lid/barrel interface gas-tight. Each lid was supplied with four ports that were used for air in-and outfl ow, headspace temperature measurements, and for sampling of headspace gas. Air drawn from outside the laboratory was pumped through the barrels 24 h a day at a constant airfl ow rate of 1.85 L min -1
. Th e slurry samples were left to settle for 3 d to allow the added straw to form a crust. Nitrous oxide and CH 4 concentrations and headspace temperatures (Eltek series 1000, Cambridge, England) were subsequently monitored over a 10-wk period.
Th e eff ect of rain was simulated by periodically adding water to the slurry crust with a handheld experimental compression sprayer (Hardy C-1.5, Taastrup, Denmark). High moisture content in the crust was simulated by applying rainfall that fell in the rainy season of October 2004 at Research Center Bygholm (55°51´ N, 9°49´ E) (wet), while the moderate moisture content treatment was simulated as the rainfall for the dryer season of April 2004 (moderate). Controls (no crust) and dry crust treatments (dry) were not watered. Due to the rainfall simulation, the slurry of the moderate and wet treatments were diluted by factors 0.19 and 0.32, respectively, at the end of the experiment. One set of crusted replicates were not subjected to gas analysis but instead used for chemical and molecular analyses.
Chemical Analysis
Slurry samples collected before the experimental period were analyzed using standard methods. Dry matter (DM) was determined after a 24-h drying period at 105°C, and the ash content was determined after subsequent combustion at 550°C for 24 h. Total N was determined using the Kjeldahl analysis (Andersen, 2004) . A Tecator System 2020 digester (FOSS Analytical, Hillerod, Denmark) combined with a scrubber was used for the Kjeldahl digestion; distillation was performed using a Gerhardt Vapodest 45 (Gerhardt Laboratory Systems, Königswinter, Germany) and titration was done with a Schott Titroline Easy (Schott Instruments GmbH, Mainz, Germany). Th e concentration of NH 4 + was determined using an ammonium reagent kit (Merck no. 1.00683.0001, Merck, Darmstadt, Germany) and a Spectroquant Nova 60 photometer (Merck, Germany). Slurry pH was measured with a standard glass pH electrode.
Sampling and NO x -Analysis of the Crust
On Day 63, crust samples were collected at the surface of the crust and at approximately 2 cm of depth ("deep samples"), this was done with a pair of clean, sterilized tweezers. Samples were stored in 50-mL centrifuge tubes at -18°C (for chemical analysis) and at -80°C (for Fluorescent In Situ Hybridization). At the end of the experimental period (68 d), large pieces of the crusts (approximately 10 × 10 × 10 cm) were carefully cut out and frozen at -18°C for later DNA extraction.
Surface and deep samples of the crusts stored at -18°C were analyzed for NO x -. Approximately 0.2 g of each sample (mainly straw) was cut into pieces (~3 by 3 mm) and transferred to 2-mL Eppendorf tubes. Demineralized water (1.5 mL) was added to each tube and samples were vortexed thoroughly for 10 s. Immediately after vortexing, the samples were pasteurized at 88°C for 30 min and centrifuged at 12,000 g for 10 min to produce a clear supernatant. One milliliter of the supernatant from each tube was transferred to a clean 1.5-mL Eppendorf tube and stored at -18°C. Th ree replicate extractions were prepared from each crust sample. Analysis of NO 2 -and NO 3 -was performed using sequential VCl 3 reduction at 3 and 85°C, respectively, and subsequent measurement of the produced NO in each step with a chemical luminescent detector (CLD, Eco Physics, Dürnten, Switzerland) according to the method described in Braman and Hendrix (1989) . All samples were analyzed at least two times to produce a minimum of six replicate measurements of each crust sample.
Determination of Oxygen Distribution in Crusts
A computer controlled motorized micromanipulator (Unisense A/S, Aarhus, DK) with a travel length of 300 mm was bolted to a supporting wooden plate and placed on top of the slurry barrel being analyzed. An electrochemical Clark-type O 2 microsensor (Revsbech, 1989 ) with a tip diameter of ~100 μm was secured to the micromanipulator and introduced stepwise into the crust through a hole carved in the wooden plate. Th e signal from the sensor was amplifi ed by a custom-built picoamperometer, transferred to an analog converter connected to a computer and continuously logged by Profi x 3.0 software (Unisense A/S). Profi les were made with 300 to 500 μm increments to a maximum depth of 60 mm.
Nitrous Oxide and Methane Flux Determinations
Gas concentrations above the slurry surfaces were measured as follows. Headspace air was drawn through Tefl on tubes from the barrels to a 12-channel Multipoint Sampler (model 1309, INNOVA, Copenhagen, Denmark) combined with a Photoacoustic Multi gas Monitor (model 1312, INNOVA, Copenhagen, Denmark) that continuously measured concentrations of CH 4 and N 2 O. Headspace gases were sampled and measured for a period of approximately 75 s in one barrel, before monitoring automatically continued on the next barrel. Concentrations of the gases in the infl owing air were also monitored, and the cumulated productions were calculated from mean concentration diff erences per day between in and outfl ow multiplied by the fl ow rate and duration of the experiment in days. Th e concentrations of CH 4 and N 2 O obtained by the INNOVA measuring system were validated by comparing the data with those obtained using gas chromatography-analyses on a monthly basis, as it has been shown that diff erent gases produced by composting manure, together with varying air humidity, CO 2 , and organic acids, may infl uence measurements on especially CH 4 (Hansen et al., 2003; Hellebrand, 1998; Beck-Friis, 2001) . Because N 2 O production is expected to have taken place in the relatively thin oxic/anoxic interface of the crust, the emission is calculated on the basis of area (m 2 ). Production of CH 4 on the other hand must have taken place in the bulk slurry, and CH 4 emission is therefore calculated on the basis of slurry volume (m 3 ).
Gas Emission at Anoxic Conditions
To study the extent of aerobic processes in the crust layer a shift to anoxic conditions was achieved by conducting nitrogen (N 2 ) instead of atmospheric air through the barrels. Th e fl ow rate of N 2 was similar to the fl ow rate of atmospheric air. During the study, which took place on Day 45 of the experiment, two replicate headspace gas samples extracted from each barrel after approximately 45 min of N 2 fl ushing were injected into 10-mL Venoject tubes (Terumo Europe, Leuven, Belgium) and subsequently analyzed for O 2 by gas chromatography (Clarus 500, PerkinElmer Instruments, Waltham, MA). Emissions of CH 4 and N 2 O were continuously monitored throughout the experiment.
Statistical Analysis
Th e following statistical analyses were performed using the SAS software pakage: (i) diff erences in gas emission between the four treatments were evaluated using ANOVA, (ii) assumption of equal variance of diff erent treatments was tested using Bartlett's test before analysis, (iii) assumption of normal distribution were also conducted before analysis using QQ plots, and (iv) Th e Bonferroni t test was used to test for signifi cant diff erences of means for diff erent treatments. For all statistical analyses, a signifi cance level of α = 0.05 was applied.
Molecular Analysis
Fluorescence In Situ Hybridization
Surface and deep samples of the crust layer stored at -80°C were used for fl uorescence in situ hybridization (FISH) analysis. Samples were cut into pieces (approximately 3 by 3 mm), homogenized by vortexing, fi xed in 4% paraformaldehyde, washed in phosphate-buff ered saline (PBS) (130 mmol -1 NaCl, 10 mmol -1 NaP i , pH 7.4) and stored in 50% ethanol in PBS at -18°C until further processing. For hybridization, a small amount of the samples were dried onto a Tefl on-coated multi-well slide and dehydrated. Th e following oligonucleotide probes were used for FISH with the hybridization conditions described in the original publications: Mγ705/Mγ84, specifi c for type I methanotrophic bacteria (Dedysh et al., 2003; ) ; Mα450, specifi c for type II methanotrophic bacteria (Eller et al., 2001 ); NSO1225, specifi c for β-proteobacterial AOB (Mobarry et al., 1997) NEU23a; specifi c for halophilic and halotolerant members of the genus Nitrosomonas (Wagner et al., 1995) and NIT3, specifi c for the NOB Nitrobacter sp. (Wagner et al., 1996) and Ntspa662, specifi c for the NOB Nitrospira spp. (Daims et al., 2000) . Hybridized samples were immediately visualized on an Axiovert 200M epifl uorescence microscope (Carl Zeiss, Jena, Germany).
DNA Extraction
Samples collected from three depths (0-1, 1-2, and 2-3 cm) cut out at the end of the storage period were extracted for DNA analysis. FastDNA SPIN Kit For Soil (Qbiogene, Irvine, CA) was used for the extraction. To increase yield of DNA, several additional steps of enzymatic digestion and bead beating were performed before the standardized kit extraction procedure, as described in detail by Foesel et al. (2008) .
Polymerase Chain Reaction Amplifi cation and Cloning of amoA and pmoA Gene Fragments Samples were screened for the presence of MOB and AOB by PCR. One forward and two diff erent reverse primers targeting subunit A of the particulate methane mono-oxygenase (pmoA) of MOB were applied: A189f, (Holmes et al., 1995) , A650r (Bourne et al., 2001 ) and mb661r (Costello and Lindstrom, 1999) . Both primer pairs were subjected to the same PCR conditions: denaturation at 96°C for 5 min followed by 30 cycles of: 94°C for 1 min, 56°C for 1 min, 72°C for 1 min and a fi nal elongation step at 72°C for 5 min. For detection of AOB, primers amoA-1F and amoA-2R targeting subunit A of ammonia mono-oxygenase (amoA) was applied (Rotthauwe et al., 1997) . Th e PCR conditions were: denaturation at 94°C for 5 min followed by 33 cycles of: 92°C for 30 s, 57°C for 30 s, and 72°C elongation for 45 s plus 1 s per cycle, ending with a fi nal elongation step at 72°C for 5 min. Th e PCR products were electrophoretically separated (120 V for 35 min) and visualized in 2% agarose gels.
Cloning of PCR products and subsequent screening for inserts was performed according to the standard protocol of the Promega pGEM-T and pGEM-T Easy Vector Systems kit (www.promega.com). A total of 24 amoA clones and 24 pmoA clones were selected for sequencing (Macrogene, Korea). All sequences were aligned in ClustalX software program (http:// bips.u-strasbg.fr/fr/Documentation/ClustalX/) and analyzed via nucleotide BLAST (www.ncbi.com).
Results
Chemical Analysis of Slurry
Th e chemical characteristics of the slurry before the start of the experiment with and without straw mixed into the slurry are shown in Table 1 . Adding the straw to the slurry did not contribute signifi cantly to the Total-N content, but increased the dry matter and ash content.
Oxygen and NO x -in the Crust
Oxygen profi les from the crusted treatments after 63 d of incubation are displayed in Fig. 1 . Th e O 2 penetration clearly diff ered between the treatments, with higher O 2 penetration in the dry treatment (A), averaging 45 mm. Th e lowest O 2 pen-etration was found in the wet treatment (C), where the O 2 concentration reached zero at approximately 20 mm depth. Th e moderate treatment showed intermediate O 2 penetration compared to the other treatments, with an average penetration depth of approximately 35 mm. Of the three crusts, the wet treatment produced the most uniform profi les. Th e concentration was generally close to atmospheric saturation until a sharp decline occurred just above the oxygen penetration depth.
Th e contents of NO x -per gram wet weight in the surface and deep samples collected from the three diff erently treated crusts are shown in Table 2 . In the wet and dry treatments the NO x -concentrations were signifi cantly higher in the surface samples compared to the deeper samples while the opposite was found for moderate treatment. By far the highest amounts were found in the surface of the dry treatment (36 μmol g -1 wet weight [ww]) of which approximately 98% existed as NO 3 -. Th e highest amount of NO 2 -was found in the surface of the wet treatment, and this was also the only location in which the amount of NO 2 -was greater than that of NO 3 -.
Gas Flux Measurements
Methane Emission
Th e cumulated CH 4 emissions from the four treatments (Table 2) showed that the crust reduced emissions of CH 4 from the stored slurry by a factor of 0.26, 0.43, and 0.50 in the dry, moderate, and wet treatments when compared to the "no crust" treatment. Only the no crust treatment was signifi cantly diff erent from the others (F = 18.47, P < 0.001, R 2 = 0.87), although there seemed to be a tendency toward lower CH 4 emissions at higher crust moisture content.
More or less identical patterns of CH 4 emission were observed in all four treatments (Fig. 2) . Shortly after the beginning of the experiments emission rate increased, resulting in a peak emission rates after approximately 10 d, followed by a gradual decrease over a period of 2 wk. Afterward emission rates levelled out and remained low until a few days before the end of the incubations, where emission rates started to increase again in all treatments due to a sustained temperature increase. Good agreement was observed between concentrations of CH 4 obtained by the INNOVA system and by means of the comparative GC analyses (results not shown).
Nitrous Oxide Emission
Th e cumulative emission of N 2 O increased by a factor of 107.9, 30.0, and 15.4 in the dry, moderate, and wet treatments when compared to the no crust treatment. However, emissions from treatments moderate and wet were not signifi cantly different from each other ( Table 2) ) (Fig. 2) . After this initial period an increase was observed in the crusted treatments, while the no crust treatment declined to approxi-
. Th e highest N 2 O emissions were observed in the dry treatment where peak emission rates >800 mg N 2 O m -2 d -1 were reached 4 to 6 wk into the experimental period; moderate and wet peaked after approximately 3 wk at emission rates of 420 and 160 mg N 2 O m -2 d -1
, respectively.
Gas Emission at Anoxic Conditions
No changes in CH 4 emission rates were observed when conditions temporally were shifted from oxic to anoxic conditions with the exception of a few peaks in the wet treatment (Fig.  3, left panel) . Shift to anoxia was confi rmed by GC measurements showing a complete removal of headspace O 2 over the course of the experiment (data not shown).
In all crusted treatments N 2 O emission increased after the onset of anoxic conditions, while the very low emission rate of the no crust treatment remained unchanged. Th e oxic N 2 O emission rates at the beginning of the experiment ranged between ~0 and 681 mg m -2 d -1
. Th e highest emission rate after onset of anoxic conditions (2201 mg m -2 d -1
) was observed in the dry treatment, while the wet and moderate treatments peaked at 348 and 869 mg m -2 d -1 , respectively (Fig. 3, right  panel) . Th e highest percentual increase was observed in the wet treatment (500%) while treatments moderate and dry increased by 450 and 320%, respectively. However, overall rates in dry remained the highest at all times.
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Molecular Analysis
Detection of Ammonia-oxidizing Bacteria and Methane-oxidizing Bacteria by Fluorescence In Situ Hybridization
Cells hybridized with probe NEU23a were abundant in all samples and few cells were detected with the NSO1225 probe, certifying the presence of AOB and in particular Nitrosomonas spp. (Fig. 4a) . In contrast, NOB (Nitrobacter spp. and Nitrospira spp.) was not detected in any of the samples. Only in one sample from the wet treatment were MOB (type II) detected by FISH and only in very low numbers. (Fig. 4b) .
Gene Specifi c Polymerase Chain Reaction
Th e broadly targeting primers for AOB resulted in PCR amplifi cation products of the expected size (~491bp) in all samples. Only one sample ("wet" 2) yielded a PCR product of the expected size (~471bp) with the pmoA primer set A189f + mb661r for MOB, and no products were obtained with the second reverse pmoA primer, A650r.
Cloning and BLAST
Sample "wet" 2 was applied for cloning as this sample yielded PCR products for both AOB and MOB. Nucleotide BLAST search on the 24 cloned amoA sequences revealed that 19 were most similar (>84%) to uncultured Nitrosomonas sequences present in the database, two sequences were 85 and 99% similar to a Nitrosomonas eutropha sequence and three sequences were 92% similar to Nitrosomonas europaea amoA. Of the 24 pmoA sequences, 22 were highly similar to a Methylobacter sequence (>95%), while 2 were more similar to a Methylocystis sequence (>99%).
Discussion
Physical and Chemical Properties of the Crusts
Th e depth of the oxic zone appeared to be regulated by the extent of water-logging, with the thickest layer with oxic conditions (about 4 cm) found in the dry treatment (Fig. 1) . Th e shape of the O 2 profi les makes it possible to distinguish between an upper layer with continuous air-pores and a deeper water-saturated crust. In the layer with continuous air-pores the O 2 partial pressure remained very close to ambient air saturation due to an effi cient oxygen supply which was enabled by the fact that O 2 diff uses at a rate 10 4 times higher in air as compared to water, whereas water saturated conditions led to O 2 depletion over distances of ~1 mm. Examples of a sharp transition for layers with continuous air-pores to water-saturated conditions are seen in Fig. 1 for the profi le in the dry treatment marked with diamonds ( Fig. 1A) and the profi le in the intermediate treatment marked with triangles (Fig. 1B) . Gradual transitions from fully oxic to anoxic conditions found in the other profi le measurements are probably due to discontinuous air-pores that facilitated diff usional transport of gasses but with less effi ciency. Secondary peaks of O 2 in deeper layers may be a result of an air-fi lled pore extending from the oxic layers and down into the generally anoxic layers. Th e oxic-anoxic interface in such a heterogeneous matrix should thus not be conceptualized as a continuous "sheet", but rather as a highly convoluted structure with a much larger area than the general crust surface. A general understanding of the nature of the oxic-anoxic interface is important as coupled oxidationreduction processes such as nitrifi cation-denitrifi cation/nitrate reduction to ammonia and sulfi de oxidation-sulfate reduction may be associated with the interface.
Th e high NO x -accumulation in the surface of the dry crust indicates high rates of nitrifi cation in the crust, coupled with the advective transport of NO x -toward the surface due to evaporation of water. Th e irrigated crusts contained much less NO x -in the surface layer, but samples from deeper layers actually contained about the same amount of NO x -as the deep samples from the dry crust. It is likely that the nitrifi cation potential of the irrigated crusts was lower than in the dry crust, but downward transport of NO x -with the irrigation water combined with a shorter distance between nitrifi cation and nitrate reduction zones in especially the wet treatment must both have contributed to the low surface NO x -content. It can at present not be explained why the majority of the NO x -pool in the majority of the samples was present as NO 3 -, as we could not detect NO 2 --oxidizing bacteria by neither PCR nor FISH. 
Methane Emission
Th e emission of CH 4 was signifi cantly reduced in the crusted treatments with the wettest treatment having the lowest emission. Th is suggested the presence of methanotrophic bacteria in the oxic layers of the crusts. However, results from FISH and PCR indicated that only very few cells were present in the wet treatment. To evaluate the extent of microbial CH 4 oxidation, CH 4 emission was measured during a 2-h period of anoxia, where the aerobic CH 4 oxidation process was prevented. Except for a few peaks in the "wet" treatment, most likely the result of ebullition, there were no visible changes in the CH 4 emissions when conditions shifted from oxic to anoxic, which suggest that microbial CH 4 oxidation was not responsible for the reduced CH 4 emission in the crusted treatments. An absence of CH 4 oxidation in our experiment supports our fi nding of absence or low numbers of methanotrophs, but confl icts with the lower emission in the crusted treatments. It could be argued that the observed reduction of CH 4 emission was a result of the crusts acting as a physical barrier blocking the transport of the poorly soluble CH 4 ; this eff ect became more pronounced at increased water content due to concomitant collapse of the crust material resulting in higher crust density. It seems, however, unlikely that permeable crusts would be able to retain an amount of CH 4 equivalent to the diff erence found between the crusted and noncrusted treatments (approximately 8 L in the dry crust to 16 L in the wet crust) for the duration of the experimental period. Ebullition caused by vibrations associated with removal of the lid during sampling might account for the "missing" methane, but it is also possible that the dilution caused by water addition somehow reduced the methanogenic activity.
Th e apparent absence of CH 4 oxidation and methanotrophic bacteria found in this study contrasts with previous studies reporting headspace CH 4 consumption in closed chambers containing undisturbed pig slurry crust, indicating methanotrophic activity (Ambus and Petersen, 2005; Petersen and Ambus, 2006) . Generally, however, oxidation of CH 4 could not be detected until after 2 to 4 (Ambus and Petersen, 2005) and 6 d of incubation (Petersen and Ambus, 2006) , indicating growth of an initially very sparse methanotrophic population.
In spite of the rich supply of CH 4 , which is an energetically favorable electron donor, methanotrophs occur in either low numbers or are totally absent in most crusts, but examples with abundant occurrence of methanotrophs have also been found (D.Aa. Nielsen, unpublished results, 2008) . Th e presence of NH 3 and products of its oxidation may inhibit growth of a methanotrophic population. Due to inherent structural similarities, substrate-cross reactivity between the key enzymes of CH 4 and NH 3 oxidation can take place. Methane mono-oxygenase (MMO) catalyzes the conversion of CH 4 into CH 3 OH but may also oxidize NH 4 + to NH 2 OH (albeit with little or no net energy yield) whereby NH 3 becomes a competitive inhibitor of CH 4 oxidation (King and Schnell, 1994; Whittenbury et al., 1970) . Th e end product of NH 3 oxidation, NO 2 -, has also been shown to inhibit CH 4 oxidation (King and Schnell, 1994) . A during irrigation events effi cient leaching of NO x -including NO 2 -out of the oxic surface layer, although not very evident from our deep crust data, might have allowed the establishment of a sparce methanotrophic population in the deeper parts of the wet crust.
Nitrous Oxide Emission
Th e N 2 O emission was enhanced by the presence of a straw crust, as previously found by others (Sommer et al., 2000) . In contrast to the lack of signifi cant eff ects of crust moisture content on CH 4 emissions, there was a large eff ect on N 2 O emissions, where the emission decreased when the irrigation was increased (Table 2 ). Th is relationship indicates that the N 2 O producing processes of nitrifi cation and/or denitrifi cation were favored by low crust moisture content. As the fl uxes toward the oxic-anoxic interface of NH 4 + serving as electron donor for nitrifi cation and of organic carbon serving as electron donor for denitrifi cation can be expected to have been equally high in all treatments, this correlation probably refl ects the increased O 2 availability in the drier crust (Fig. 1) , supporting higher rates of nitrifi cation and concomitant denitrifi cation.
Th e FISH probe (NEU23a) that showed positive hybridization with our samples has high specifi city toward AOB belonging to the genera Nitrosomonas especially for Nitrosomonas europaea and N. eutropha strains (Wagner et al., 1995) . Th ese are often found in heavily eutrophied environments such as activated sludge and trickling fi lters, and may be well adapted to the crusts environment. Th e presence of AOB as detected by FISH and PCR can be expected to reduce the total NH 3 emission from the crusted treatments. Increase in the N 2 O emissions after the onset of anoxic conditions may have been a result of denitrifi cation based on NO x -that had accumulated during the oxic incubation (Fig. 3) . Th e diff erence between treatments can be explained by the accumulation of high amounts of NO x -in the dry treatment (Table 2) . Th e tendency for a small decrease in emission rates in the crusted treatments near the end of the anaerobic period could have been due to exhaustion of the initial pool of NO x -, although it is also well known that nitrous oxide reductase genes triggered by the onset of anaerobiosis are expressed later than the other denitrifying enzymes, resulting in high initial N 2 O production rates (Firestone and Tiedje 1979) . Nitrifi cation may contribute to the production of N 2 O during oxic conditions where it can be made as a by-product of hydroxylamine oxidation or reduction of NO 2 -at low oxygen concentrations (Wrage et al., 2001 ). However, most N 2 O emitted during headspace oxic conditions was probably formed following coupled nitrifi cation-denitrifi cation at the oxic-anoxic interface.
Eff ect of Temperature
Physical factors such as temperature have an eff ect on the production and consequently emission of CH 4 . From Day 25 and throughout the experimental period there was a strong correlation of temperature and CH 4 emission in all treatments (Fig. 2) and this could explain the increased CH 4 emission near the end of the experiment when the temperature was rising. Th e reason for this temperature dependence can primarily be ascribed to the high Q 10 of methanogens (Husted, 1994) . During this study, the mean laboratory room and slurry temperature fl uctuated between 17 and 25°C, and while temperatures in this range are not uncommon during summertime in Scandinavia, temperatures and consequently CH 4 fl uxes would be signifi cantly lower for the majority of the year.
Temperature was not observed to have an eff ect on N 2 O production in this experiment but increased temperatures could lead to dryer crusts resulting in increased N 2 O emissions.
Greenhouse Gas Emission Eff ect of Crusts
In 2001 there were approximately 32,000 storage tanks in Denmark of which 14,500 contained pig slurry with a capacity of 17 million m 3 and a surface area of 4.3 million m 2
. If the rates observed in this study are assumed to be representative, the Danish storage tanks would have an emission corresponding to 4 and 6562 t CO 2 -eq d -1 for N 2 O and CH 4 , respectively, if no surface crust or other mitigating measure were applied. Comparing emissions found in this study with total emission of GHGs (in CO 2 -eq) in Denmark of 184,495 t CO 2 d -1 in 2004 (Illerup et al., 2006) , manure storages may be responsible for 2 to 3% of the total Danish CO 2 -equivalent emissions. Our data indicate that fl oating crusts on these tanks may have a high capacity of ammonia oxidation, and previous results have also shown that crusts are very effi cient in mitigating NH 3 emission (Sommer et al., 1993) , but some of this emission reduction may be due to purely physical eff ects. Manure crusts may increase the emission of N 2 O due to nitrifi cation and subsequent denitrifi cation, but the maximal N 2 O emission observed in this study during continuous dry conditions only corresponded to 444 t CO 2 d -1 or 7% of the total greenhouse eff ect caused by N 2 O and CH 4 combined. Management practises that cause a signifi cant reduction in CH 4 emission in fl oating crusts can thus be justifi ed even if these practises also cause N 2 O emissions signifi cantly higher than in uncovered slurry.
Conclusions
Floating crusts on manure storages are environments with intense microbial activity, and microbial processes are governed by the extent of oxic conditions that are governed by the moisture of the crust. Straw crusts are colonized by ammonia oxidizing bacteria that convert volatile ammonia to nitrite, and it is known that straw crusts are effi cient in intercepting ammonia emissions. Colonization by methane oxidizing bacteria seems to be more diffi cult, and in the present investigation it was not possible to show signifi cant methane oxidizing activity in the crusts. For reduction in GHG emission from manure storages it is essential to devise management strategies that promote development of dense methane-oxidizing populations above the oxic-anoxic interface.
